In semiconductor metallization processes, the galvanic corrosion of metals should be controlled to improve the process integrity. Refractory metals such as tantalum and tantalum nitride ͑TaN x ͒ are widely used as a barrier metal to prevent the copper ͑Cu͒ metal from diffusing into the dielectric layers. In this study, the galvanic effect between the Cu seed and the TaN x film, which is deposited with different nitrogen ͑N 2 ͒ gas flow rates was investigated using chemical mechanical polishing slurries. It was found that the galvanic corrosion of the TaN x films decreased whereas the galvanic corrosion of the Cu seed increased as the N 2 gas flow rate increased. The whole Cu corrosion rate was higher than that of the TaN x films because the intrinsic corrosion of the Cu seed dominated the overall Cu corrosion rate in the acidic slurry, but for the TaN x films the galvanic corrosion dominated. This study also proposed a model to reveal the galvanic effect between the Cu seed and various TaN In sub-130 nm semiconductor device manufacturing, copper ͑Cu͒ has been used as the interconnection metal as a replacement for aluminum because the Cu metal has higher electromigration resistance and lower resistivity. Different from the metal-etching patternization in the aluminum metallization process, the Cu metal lines are produced by the damascene process including the deposition of diffusion barriers and Cu metals and the removal of overburden metals by chemical mechanical polishing ͑CMP͒.
In sub-130 nm semiconductor device manufacturing, copper ͑Cu͒ has been used as the interconnection metal as a replacement for aluminum because the Cu metal has higher electromigration resistance and lower resistivity. Different from the metal-etching patternization in the aluminum metallization process, the Cu metal lines are produced by the damascene process including the deposition of diffusion barriers and Cu metals and the removal of overburden metals by chemical mechanical polishing ͑CMP͒. [1] [2] [3] [4] [5] [6] [7] [8] [9] [10] [11] [12] [13] For the Cu metallization, a barrier layer is necessary to prevent Cu metal from diffusing into dielectric layer. The materials used as barrier layers should not only be thin enough to reduce effective metal resistance but also have compatible adhesion between the Cu metals and dielectric layers. [14] [15] [16] [17] [18] [19] [20] [21] [22] In addition, good step-coverage is necessary for the barrier deposition to form a uniform layer along the feature surfaces and corners. Tantalum and tantalum nitride ͑Ta/TaN x ͒ films have been widely used as the diffusion barriers for Cu metallization because of their excellent chemical and thermal stability. The physical properties of TaN x films deposited with different nitrogen ͑N 2 ͒ gas flow rates have been widely investigated in prior literatures. [22] [23] [24] [25] Some researchers have investigated the roles of the nitrogen content on the mechanical properties, microstructures, and electrical characteristics of the TaN x barriers. [7] [8] [9] As the N content in the TaN x films increased, the barrier property against the Cu diffusion was improved by blocking Cu diffusion paths, but the film resistivity increased in the meanwhile. Our previous study has reported that as the N 2 flow rate increased from 0 to 10 sccm, the phase of the TaN x gradually transformed from ␤-Ta to body-centered cubic-Ta. Further increase in the N 2 flow rate from 10 to 24 sccm resulted in the phase transformation of the TaN x films to hexagonal Ta 2 N. Finally, the face-centered cubic-TaN phase composed mainly of an amorphous phase was observed when the N 2 flow rate increased to 30 sccm. 26 Except for the physical properties, the chemical behavior of TaN x films in the CMP process should be considered as well to get a robust production. After the CMP process, various defects are usually generated on the Cu lines because the Cu metal is soft and easily corroded. Three-type defects caused from chemical corrosion, galvanic corrosion, and photocorrosion have been discussed in the prior literature. [6] [7] [8] In the literature, the galvanic corrosion was generated by the difference in the electrochemical potential at the interface between barrier and Cu in the slurry environment. Kondo et al. have investigated the galvanic effect of different metals such as tungsten ͑W͒, titanium, Ta, and their nitrides. 6 Ernur et al. have proposed the effect of slurry composition on the galvanic corrosion. Therefore, the degree of galvanic corrosion between Cu and various barrier materials including their nitrides has been investigated widely, but the effect of nitrides with different N ratio is researched in less paper. In this document, the galvanic effect between the Cu seed and the TaN x films deposited with different nitrogen ͑N 2 ͒ gas flow rates is investigated in chemical mechanical polishing slurries.
Experimental
In this work, the galvanic effect between the Cu seeds and different TaN x films deposited with different N 2 gas flow rate was investigated. The TaN x films were deposited on 200 nm SiO 2 ͑100 nm thick͒/Si͑100͒ wafers using the ionized metal plasma ͑IMP͒ process. 13 The IMP deposition used inductively coupled Ar/N 2 plasma to ionize sputtered atoms, which were highly directed by the potential difference between plasma and substrate. In the IMP source, the metal was ionized, thus allowing the better control of the angular distribution at the substrate and improving the bottom coverage. The base pressure of the IMP system was ϳ3 ϫ 10 −6 Torr. The TaN x barriers were deposited by radio-frequency ͑rf͒ ͑13.56 MHz͒ magnetron sputtering at 1 kW forward power from a Ta target ͑99.995%͒. While the Ar flow was kept at 50 sccm, the nitrogen flow was varied from 0 to 30 sccm resulting in the process pressure to ϳ0.2 Torr. The gas purity was 99.9999% and the gas flow was controlled within ±0.1 sccm by mass flow controllers, which guaranteed reproducible deposition conditions. After the deposition of the TaN x film, a 200 nm thick Cu seed was subsequently deposited without vacuum break. In corrosion experiments, the test samples were dipped in the Cu-CMP slurry, which contained aluminum oxide abrasive, surfactant, and hydrogen peroxide ͑ϳ5% H 2 O 2 ͒ with pH of 6-7. The potential difference between the Cu seed and the TaN x films was measured by electrically connecting two electrodes to an electrometer, which is a high impedance multimeter that can measure electrical voltages, resistance, and current. The N content of TaN x films was obtained by Auger electron spectrometer and the O ratio of TaN x films after 90 s dipping was obtained by energy dispersive X-ray ͑EDX͒. In addition, the cross-sectional profile and the thickness of the TaN x films before and after slurry dipping were reviewed using field-emission scanning electron microscope ͑FESEM͒ of KLA-Tencor SEMVision. The open circuit potential ͑OCP͒ between the deposited TaN x film ͑4 cm 2 ͒ and the platinum plate ͑0.5 cm 2 ͒ was examined using Princeton Applied Research Parstat 2273.
deposited with different N 2 gas flow rates. As the N 2 gas flow rate increased, the N ratio increases from 18.2% to 43% with the TaN x films deposited from 10 to 30 sccm. At the same time, the texture of TaN x films transformed from column structure to amorphous structure. In order to investigate the galvanic effect between the Cu seeds and the TaN x films, sequentially, the Cu and TaN x films were simultaneously dipped into the CMP slurry with 90 s. Then they were reviewed again by FESEM, as shown in Fig. 2a-e . The SEM images reveal that the thickness of Cu metals was significantly reduced and the corrosion phenomenon also occurred at the interface between the Cu seed and the TaN x films. Therefore, in this case, the corrosion of the Cu seed and the TaN x films should include the intrinsic corrosion and the galvanic corrosion. Figure 3 summarizes the overall corrosion amount of the Cu seed and the TaN x films. It was found that the corrosion amount of the TaN x films decreased as the N 2 flow rate increased from 2 to 30 sccm due to a decrease in the oxidization rate of the TaN x films. On the other hand, the Cu corrosion amount increased with increasing the N 2 flow rate from 2 to 30 sccm. From the potential dynamic curves being examined using Princeton Applied Research Parstat 2273, we could know the corrosion effect between the Cu seed and the TaN x films, as shown in Fig. 4 . It was found that the corrosion current density ͑Icorr͒ of the Cu seed was much higher than those of the TaN x films and implied that the intrinsic corrosion rates of the Cu seed were much higher than those of the TaN x films. In addition, the OCP value of the Cu seed was more positive than that of the TaN x films and also indicated that Cu seed was nobler than the TaN x films for activity in the slurry. For different TaN x films, the OCP values became more positive with increasing the N doping in the TaN x films and showed TaN x films with higher N doping were less corrosive because the more negative OCP values means the metal is more corrosive. It was suggested that increasing the N content in the TaN x films suppressed the electron release because the N element has high electronegativity like fluorine and oxygen. Figure 5 indicates that O element content of TaN x films decreases with an increase with N 2 flow rate. It demonstrates that TaN x films with high N doping are hardly oxidized due to N element holding the electrons strongly. At the interface between the Cu seed and the TaN x films, the Cu seed gathered the electron at where the TaN x films released the electrons because the TaN x film was more corrosive than the Cu seed. Therefore, increasing the N ratio in the TaN x films decreased the galvanic corrosion rate of TaN x and reduction rate of Cu seed. The less electrons received by the Cu metal induced the less galvanic formation in the Cu seed. Therefore, the amount of galvanic corrosion for the Cu seed and the TaN x films depended on their potential difference. Figure 6 shows the potential difference between the Cu seed and the TaN x films measured by an electrometer. The potential difference decreased with increasing the N 2 gas flow rate in the deposition of the TaN x films meaning that the galvanic corrosion amount decreased in the TaN x films but increased in the Cu seed with increasing the N 2 gas flow rate.
The simple oxidation half reactions of the Cu and Ta metals are shown as Eq. 1 and 2
Ta → Ta 5+ + 5e
From the electrochemical reactions, the relationship of galvanic corrosion between the Cu seed and the TaN x films is shown as Eq. 3
Cu Corr ϳ Ta Corr ͓3͔ where = 2.5M Cu D Ta /M Ta D Cu ϳ 1.64, in which M Cu is the molecular weight of Cu ϳ 63.55 g/mol, M Ta is the molecular weight of Ta ϳ 180.9 g/mol, D Cu is the density of Cu ϳ 8.9 g/cm 3 , D Ta is the density of Ta ϳ 16.6 g/cm 3 . In this study, the galvanic corrosion rate of the Cu seed was about twofold higher than that of the TaN x film, as shown in the Table I. The result was comparable with Eq. 3. The fact that galvanic corrosion rate of TaN x flm is larger than the self-corrosion rate, indicating that the TaN x film is subjected to galvanic corrosion. Opposite behavior is seen for Cu, though. Galvanic corrosion rate is smaller than self-corrosion rate. This means that 
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Electrochemical and Solid-State Letters, 10 ͑4͒ H127-H130 ͑2007͒ H128 when coupled with TaN x , corrosion of Cu must be suppressed to some extent. If corrosion rate of TaN x film is decreasing with the increase in N content, then fewer electrons are transferred to the Cu 
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Electrochemical and Solid-State Letters, 10 ͑4͒ H127-H130 ͑2007͒ H129 seed side. Thus, corrosion of Cu should in turn be enhanced since Cu 2+ ions cannot be converted to Cu 0 and redeposited back on the Cu surface, as shown in Fig. 3 .
The proposed mechanism for the corrosion of the Cu seed and the TaN x films in the acidic slurry is shown in Fig. 7 . For the Cu seed, the overall corrosion amount was dominated by the intrinsic corrosion in the slurry. The intrinsic Cu corrosion rate was about 40.2-43.8 nm/min while the galvanic corrosion rate of the Cu seed was about 5-12 nm/min, depended on the N content of the TaN x films. For the TaN x films, the overall corrosion amount was dominated by the galvanic corrosion. The TaN x intrinsic corrosion rate was about 0.08-0.2 nm/min, much slower than the galvanic corrosion rate of 2.4-7 nm/min. When the N 2 gas flow rate increased in the TaN x deposition, the galvanic corrosion of the TaN x films was suppressed due to the electronegativity effect of N elements. In the meanwhile, the Cu galvanic corrosion was enhanced because the Cu metal received less electrons from the TaN x film.
Conclusions
In conclusion, the N content of the TaN x films influenced not only the physical film properties but also the chemical activity in the CMP process. In order to obtain a robustly Cu metallization process, the N content of the TaN x barriers should be optimized to achieve a compromise between the barrier properties and the chemical stability. 
